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The complete cDNA sequence corresponding to the rapesecd orfl gene transcript (coding for subunit 6of F,,-ATPase) has been determined by 
a method involving cDNA synthesis, using specific oligonucleotides a  primers, followed by PCR amplification, cloning and sequencing of the 
amplification products. Only one modification, a C-to-U conversion. has been found when compared to thegenomic mitochondrial DNA sequence. 
Comparison of theextcnt and frequency of RNA editing of the,&cytoplasmic malesterile (cms)or/16 transcript with those ofnormal a@ transcript 
indicates that there is no variation bctwcen the editing status of the urfi transcripts from pof ems and normal cytoplasms. 
RNA editing; Mitochondrial atpb; Cytoplasmic male sterility; Rapeseed 
1, INTRODUCTION 
The mRNAs of plant mitochondria have recently 
been shown to be modified; at specific locations, cytid- 
ine residues on the genomic sequence are converted to 
uridines on the mRNA, resulting in polypeptides diffiir- 
ent from those predicted by the genomic DNA [l-3], as 
well as in the emergence of novel initiation and termina- 
tion codons [4,5]. The number of nucieotides altered 
differs, however, between plant species and also be- 
tween individual genes within a mitochondrion. 
This RNA editing event is essential for the correct 
expression of plant mitochondrial protein genes. The 
reasons for the existence of RNA editing in plant mito- 
chondria is not clear, but it appears that it has played 
a role in the conservation of protein sequences during 
evolution. Therefore, it is likely that RNA editing con- 
fers functional advantages as a modulator of gene ex- 
pression. The basis for the specificity of the editing sys- 
tem of plant mitochondria is still not clear, but recent 
results in the study of the editing process occurring in 
the mitochondria of Leslmania tarenrolue [6] suggest 
that anti-sense RNA (‘guide’ RNA) molecules, which 
were transcribed from maxicircle or minicircle mito- 
chondrial (mt) DNA, might be involved in the RNA 
editing recognition process in kinetoplastid mitochon- 
dria. 
RNA editing could regulate gene expression, and it 
Corresporrde~rce addms: H. Banda, Department of Cell Eiology, Na- 
tional Institute of Agrobiological Resources, 2-i-2 Kan-non-dai, 
Tsukuba, Ibaraki 305, lafaa, 
could be both tissue specific and dependent on the de- 
velopmental stage. The mechanism of cytoplasmic male 
sterility (ems) is of agronomic importance, and the role 
of RNA editing has yet to be established. To investigate 
a correlation between RNA editing and expression of 
ems, cDNAs of rapeseed trtpt5 transcripts were se- 
quenced and the extent of RNA editing was determined 
in the ntp6 transcripts from both normal and pol ems 
cytoplasms. 
2. MATERIALS AND METHODS 
mtDNA and mtRNA were prepared from Swcek-old plants as 
previously describLrl[7]. cDNA synthesis and PCR amplification wcrc 
performed essentially according to the procedure described [S]. 
DNnse-treated mtRNA (30 ~6) was mixed with 12.5 pmol of primer, 
ATP6REV (a 27-mer oligonucleotidc complementary tothe 3’ end of 
the a@ mRNA, which has the sequence, GGGCTGTGTAACT- 
GCAGTAAATAACAC). After denaturation at 80°C for 5 min, the 
reaction mixture was incubated for 2 h at 5oOC for primer hybridii- 
tion. First strand synthesis was initiated by the addition of M-MLV 
reverse transcriptase (Gibco BRL. MD, USA). 
The resulting cDNAs were amplified by PCR using the primers, 
ATPBREV and ATPBFOR (a 25-mer oligonucleotide whose sequence 
was derived from the 5’ end of the mRNA. and which has the sequcncc 
CGGGAAGTGAGAATTCCGCCT). The primers ATP6REV 
and ATP6FOR contained mismatches as compared to the DNA SC- 
quencc in order to create Purl and EroRI sites, respectively, OIthe ends 
of the DNA fragments amplified by PCR (Fig. 1). Amplification was 
obtained by 60 cycles of the following steps: denaturation (92°C. 2 
min), annealing (47°C 2 min) and DNA polymertitian (72%. 6 
min), followed by a final incubation al 72’C for 6 min. Amplified 
cDNAs were cloned into pBluescript II and sequenced. Primers, 
ATIXINTI and ATPGINTZ (l%mcr oligctnucleotides which have the 
scqucnces. ACTAAAAAGGGAGGAGG corresponding lopositions 
24G-262, and TAGTCCAAGCGAACCCA complementary to posi- 
tions 71 l-695, respeclively) were used for inicrnal sequence priming. 
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Fig. 1. Comparison oi’ rapsced genomic and cDNA rzrp6 sequences. 
The upper sequence is obrained from urpd cDNA clones, while the 
lower sequence is the corresponding enomic DNA sequence. Where 
the Two are identical only the gcnomic sequence is shown. The sc- 
quences corresponding to oligonuclcotidcs ATP6REV, ATPGFOR, 
ATWINTI and ATP61NT2, used for cDNA amplification by PCR 
and internal sequence priming, are underlined. The amino acid se- 
quencc deduced from lhe gcnomic sequence using the universal genetic 
code is presented. The codon modified by editing is boxed. with the 
corresponding amino acid modification indicated above the cDNA 
sequcncc. Dots indicate nucleotide mismatches introduced in the oli- 
gonucleotide sequences in order to create Psfl and EcoRI shcs. 
3. RESULTS 
3.1. Cloning of atp6 cDNAs 
To synthesize and amplify arp6 cDNA sequences, two 
oliponucleotides (ATPSREV and ATP6FOR) were pre- 
pared, with sequences in opposite orientations, corre- 
sponding to the extremities of the rapeseed arpli mRNA. 
Before cDNA synthesis, mtDNA had been eliminated 
by DNase treatment since it acts as a contaminant of 
mtRNA preparations and it would also be amplified 
during the PCR reaction. ATP5REV, complementary 
to the 3’ end of the atp6 mRNA, was used to prime 
cDNA synthesis. The primer extension products were 
subsequently amplified by PCR. The 1 kb amplified 
fragment was cloned into PstI and EcoRI sites of 
pBluescript II vector. 
In the 25 clones sequenced we found 22 iiiiCk&k 
changes which were attributed to mis-incorporations of
nuclectide by the Tuq DNA polymerase. None of those 
modifications was found at the same position in more 
112 
than one of the clones. Therefore, we only considered 
the nucleotides which were different from that in the 
genomic DNA sequence but were found in more than 
one cDNA clone, and which resulted from an RNA 
editing event. The rate of the mis-,incorporations under 
our PCR condition was 9.88 per clone (22/25 clones), 
and 9.2 x lo-” per nucleotide (0.881955 nucleotides). 
3.2. Editing sites of the rapeseed atp6 cDflAs 
Sequencing of cDNA clones revealed only one C-to- 
U transcript editing event within the alp6 open reading 
frame. The edited site and the corresponding enomic 
sequence with the amino acid sequence is shown in Fig. 
1. This C-to-U editing at nucleotide 189 within the cod- 
ing region resulted in a proline-to-serine change (Fig. 2). 
The frequency of this editing event was very high; eight 
cDNA clones derived from normal cytoplasm were ex- 
amined for this RNA editing site, and seven of these had 
an edited transcript (87.5%). No modification was 
found in the untranslated flanking region. 
Comparison of the amino acid sequence deduced 
from the rapeseed cDNA sequence with respective pol- 
ypeptides from Oe,rorlzerii and sorghum cDNA se- 
quences [9,10] revealed strong sequence homologies be- 
tween them (Fig. 3). These data show that the resultant 
polypeptide was very similar in all three species, as has 
been generally observed after the editing process. As an 
example, homology between the core sequences of the 
rapeseed ATP6 protein and the Oenothera, and rape- 
seed and sorghum ATP6 proteins would increase from 
85.4 to 92.5% and from 83.4 CO 89.78, respectively. 
3.3. No wriation oJ RNA editing observed berweetz nor- 
mal altd pol ems cytopiasms 
To explore the extent of RNA editing within the arp6 
coding sequence of pal ems mitochondria, analogous 
cDNA clones were constructed from mtRNA ofpoE ems 
cytoplasm. Only one RNA editing event occurred in the 
pal ems transcript at the same position as in the normal 
transcript. The frequency of this editing event was also 
very high and was similar to the normal transcript: 
sixteen of the seventeen clones analysed had an edited 
transcript (94.1%). Thus the C-to-U editing event at 
position 189 is a common phenomenon in both mito- 
chondrial arp6 transcripts from normal and pot ems 
cytoplasms and its frequency is similar in both cases. 
4. DISCUSSION 
The investigation of RNA editing in the arp6 mRNAs 
of rapeseed reported here showed that only one editing 
event occurs in the arp6 coding region (Fig. 1). Compar- 
ative analyses of the extent of RNA editing in plant arp6 
transcripts indicate substantio! variatioz Oe.~obh~ [9] 
and sorghum [lo] represent extreme xamples, with 21 
and 19 editing events within the core polypeptide, com- 
pared to 1 in rapeseed. In rapeseed, most of the amino 
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Fig. 2. Comparison ofarp6cDNA and the corresponding gcnomic DNA sequences. Only parts orthe sequences are presented. The Position where 
the C-to-U modification is found is indiraled by the arrowheads. 
acids which are specified only c#ter editing in the mito- 
chondria of the other two species are already encoded 
by the mitochondrial qnomic sequence (Fig. 3). As far 
as afp6 is concerned, rapeseed already seems to have an 
‘edited’ sequence on its mitochondrial genome, while 
Oenotheru and sorghum have a ‘pre-editing’ sequence 
which needs extensive RNA editing to produce the ma- 
ture mRNA. Such an extreme divergence of editing pat- 
terns between different higher plant species is very inter- 
esting, considering the requirements of RNA editing in 
plant mitochondria for the conservation of protein se- 
quences. The edited genomic sequence found in rape- 
seed mitochondria implies that, during evolution, edited 
sequences have been i tegrated into the mitochondrial 
genome. There is also another alternative, namely that 
the genomic sequence of rapeseed has remained in its 
primitive and original form, and therefore would not 
show the mutations een in the other species. 
Differences in the editing patterns of alp9 and cob 
transcripts from normal and ems wheat lines have been 
observed [I 11; however, no variation in the extent and 
frequency of RNA editing between a416 transcripts 
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Fig. 3. Amino acid alignment of the core sequences of ATP6 polypeptidcs deduced from ~lrc nuclcotidc sequences of rapeseed. Ue~rorA~u and 
sorghum. The amino acid sequence d duced from the rapeseed u:@ genamic sequence, using the universal genetic ode, is cnmparcd with (i) the 
amino acid sequence deduced from lhe rapeseed alp6 cDNA sequcncc: (ii) the amino acid sequences deduced from IWO other plant rnilochondrial 
nrl16 sequences. Identical amino acid residues are indicated by dots. Boxes indicate ditirig positions in the other two plant scquenccs. which rcsu~l 
in the specification of the same amino acid as that spcecified by the rapesad a@ genomic sequence as a result of RNA editing. 
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from normal and pal ems cytoplasms can be observed, rrrrrzs-splicing of the Oenorhera nadl gene [14]: it is es- 
which suggests that RNA editing is not a primary deter- sential for continuous paring of the stem structure of the 
minant for male-sterility induction in rapeseed. intron sequences. 
Transcriptional alterations among normal, pal cm, 
and fertility-restored pal plants have been detected at 
this atp6 locus [7.12]. The ntp6 gene of pal ems cyto- 
plasm is co-transcribed with a novel open reading 
frame. pal-urf, into the same precursor RNA, and then 
mature transcripts can be made from the precursor by 
RNA processing. On the other hand, in normal cyto- 
plasm the arp6 gene is transcribed by itself. Nuclear 
restorer genes appear to specifically alter the transcrip- 
tion patterns of thepoi afp6 locus. We can suppose two 
possible relationships between these transcriptional al- 
terations and RNA editing events. First, RNA editing 
could be affected by RNA maturation of the rrrpG tran- 
script from the precursor, A correlation between RNA 
editing and RNA maturation has been found in the 
wheat nac/3-rpsf2 transcript [13]; RNA editing in plant 
mitochondria is a process with a temporal development 
correlating with transcript maturation. Therefore, it is 
possible that RNA editing patterns are different be- 
tween precursors (atpd-pal-urf co-transcript) and rna- 
ture RNA, and RNA maturation and RNA editing both 
take part in the induction of male sterility. Second, 
although we have had no evidence for RNA editing 
events within the upstream region of atp6, they might 
act as modulators of transcription, affecting secondary 
structures. RNA editing generally occurs in the coding 
region to improve conservation of the encoded protein 
product in evolution, however, RNA editing occurring 
in the non-coding region plays a crucial role in the 
Additional work is required to clarify the relationship 
between RNA editing and regulation of gene expres- 
sion, such as male-sterility induction, and to explain the 
role of RNA editing in the conservation of protein se- 
quences. 
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